Over the past two decades, considerable advances in our understanding of inflammatory and immune pathways have allowed for the growing use of targeted biologic therapy. Most notably, the introduction of tumor necrosis factor (TNF) inhibitors has dramatically changed the management of autoimmune inflammatory disorders, including ankylosing spondylitis (AS). Despite the efficacy of TNF inhibitors documented in multiple clinical trials, anti-TNF therapy in AS is far from foolproof; it is associated with serious adverse effects and limited response to therapy in some patients. Moreover, specific questions regarding the role of TNF as a mediator of AS remain unanswered. Therefore, additional efforts are needed in order to better understand the role of TNF in the pathogenesis of AS and to develop safer and more effective treatment strategies. The purpose of this review is to better the understanding of the physiologic and pathogenic roles of TNF signaling in the course of AS. Relevant TNF biology and novel approaches to TNF blockade in AS are discussed.
Introduction

Ankylosing spondylitis
Ankylosing spondylitis (AS) is a progressive rheumatic disease that primarily affects the axial skeleton. Advanced AS is characterized by osteoproliferation leading to irreversible bony fusion of vertebral and sacroiliac joints, with limited spinal mobility and associated pain and loss of function.
1 AS belongs to a more encompassing group of chronic inflammatory diseases affecting the spine collectively referred to as spondyloarthritis. In addition to AS, the archetype of the group, spondyloarthropathy encompasses psoriatic arthritis, arthritis/spondylitis associated with inflammatory bowel disease (IBD), reactive arthritis, and undifferentiated spondyloarthritis. 2 In recent years, the Assessment of Spondyloarthritis International Society (ASAS) has classified spondyloarthritis as either axial or peripheral depending on the predominant regions of involvement. In line with the ASAS classification, the diagnosis of axial spondyloarthritis encompasses nonradiographic axial spondyloarthrits and classic AS (i.e., radiographic axial spondyloarthrits), based on the absence or presence of radiographic sacroilitis, respectively. 3, 4 The estimated prevalence of axial spondyloarthritis in the United States is similar to that of rheumatoid arthritis (RA), affecting 0.9-1.4% of the adult population. 5 Men are estimated to be twice as likely to be affected by AS relative to women, and AS characteristically affects young adults, with a peak age of onset between 20 and 30 years. 6 In a subset of patients, extra-articular features of AS, including acute anterior uveitis, psoriasis, and IBD, manifest following or contemporaneous with onset of AS symptomology. 1, 7 Additionally, the existence of one concomitant inflammatory disorder enhances the severity of AS, as well as the probability of an AS patient presenting additional inflammatory comorbidities. 7 These observations suggest potential overlap and synergistic effects of doi: 10.1111/nyas.13933 susceptibility genes associated with commonly cooccurring inflammatory conditions. 7 AS has a strong genetic component and is associated with human leukocyte antigen-B27 (HLA-B27), a major histocompatibility complex (MHC) class I molecule involved in the presentation of antigenic peptides to CD8
+ cytotoxic T cells. Upwards of 90% of patients with either nonradiographic axial spondyloarthritis or AS are HLA-B27-positive. 1, 8 The age-adjusted prevalence of HLA-B27 in unaffected individuals has been reported at 6.1% in the United States; by ethnicity, prevalence reaches 7.5% among Caucasians and 3.5% among all other U.S. ethnicities combined. 9 A person who is HLA-B27-positive may have a risk as low as 1.3-5% of developing AS; 1, 8, 10 however, there is a 5-16 fold increase in AS incidence among individuals with an affected first-degree relative. [10] [11] [12] Importantly, HLA-B27 accounts for approximately one-third of the genetic risk for AS. 10 More recently, genomewide association studies have identified a number of non-MHC genes, including those in the IL-23-IL-17 signaling axis, as contributory to AS heritability, further indicating the complex polygenic nature of the disease. 13 The pathogenesis of AS is not fully understood, but several mechanisms involving abnormalities in HLA-B27 folding have been hypothesized. Research has demonstrated that IL-17-producing CD4 + T cells may play a pivotal role in initiating the abnormal immune response. CD4
+ T cells are hypothesized to interact with HLA-B27 dimers on antigen presenting cells (APCs) and stimulate the production of chemokines and cytokines responsible for the inflammation and structural damage seen in AS. Misfolded HLA-B27 oligomers may also accumulate in the endoplasmic reticulum (ER) of APCs to trigger the ER stress response and the production of IL-23 to potentiate the inflammatory process. Although no arthrogenic peptide has been implicated and the role of CD8 + T cells has not been conclusively demonstrated, peptide presentation by HLA-B27 may also play a role in the pathogenesis of AS. 1, [14] [15] [16] There is a general consensus that enthesitis, or inflammation at the tendon-cartilage/bone insertion site, is the earliest recognizable sign of AS. However, a number of reports suggest that the disease may actually originate in the gut. Studies have shown that mucosal breach and gut inflammation may serve as additional triggers in AS, highlighting the importance of gut microbiota in disease genesis. [17] [18] [19] [20] Interestingly, it is also possible that mechanical strain contributes to the pathogenesis of AS. Evidence for this hypothesis comes from a study using transgenic mice overexpressing tumor necrosis factor (TNF), which suggests that mechanical strain drives inflammation and bone formation at entheseal sites. 21 TNF TNF (also known as TNF-␣) has long been recognized as a proinflammatory cytokine and a master orchestrator of systemic immune responses. TNF is primarily produced by activated macrophages and monocytes in response to injury, extracellular pathogens, and other inflammatory triggers. TNF is produced in excess in disease states and has been implicated as the major mediator of acute and chronic inflammation, tissue destruction, and cachexia. 22 The development of anti-TNF agents in the early 2000s has dramatically changed the management of inflammatory diseases such as AS. Multiple clinical trials have demonstrated TNF inhibitors to be dramatically effective in reducing disease activity and debilitating symptoms in patients with AS. Despite the documented efficacy of these agents, the use of TNF inhibitors in AS is limited by several factors. Inhibition of TNF is associated with serious adverse effects, an inadequate response in about 40% of patients, and it is unclear whether anti-TNF therapy can affect radiographic progression of the disease. 23 Herein, we review relevant TNF biology, including its distinct receptors, signaling outcomes, as well as pathogenic and physiologic roles. We also discuss the role of TNF throughout the course of AS progression, provide an update on the use of TNF inhibitors in AS, and explore a selective approach to TNF blockade in the treatment of AS.
TNF receptors and TNF signaling pathways
TNF is a homotrimeric cytokine that is initially expressed as a transmembrane protein. TNF may be released from its transmembrane conformation into a soluble structure via proteolytic cleavage by TNF-␣-converting enzyme (TACE). Both soluble and transmembrane TNF are biologically active and exert their functions via two distinct receptors, TNF receptor 1 (TNFR1) and TNFR2. Notably, TNFR1 is 25 A brief comparison between TNFR1 and TNFR2 is outlined in Table 1 .
The binding of TNF to TNFR1 results in the recruitment of adaptor protein TNFR1-associated death domain (TRADD), receptor-interacting serine/threonine-protein kinase 1 (RIPK1), and TNRF-associated factor 2 (TRAF2), leading to the formation of complex I. This in turn triggers several phosphorylation and ubiquitination events leading to the activation of mitogen-activated kinase (MAPK) and nuclear factor B (NF-B), the central mediator of the proinflammatory effects of TNF. Signaling via complex I causes upregulation of genes involved in inflammation, tissue degeneration, host defense against pathogens, and cell survival and proliferation. 26 Notably, TRAF protein degradation regulates TNF-mediated NF-B activation. 27 Recent studies have demonstrated that E3 ubiquitin ligase, carboxyl terminus of HSC70-interacting protein (CHIP)/STIP1 homology and U-Box containing protein 1 (STUB1) induces the degradation of multiple TRAF proteins and regulates NF-B signaling. 28, 29 CHIP knockout (KO) in vitro leads to increased osteoclast formation coincident with reduced osteoblast differentiation and function; CHIP KO mice exhibit an osteopenic phenotype resulting from increased TRAF activity and consequent osteoclastogenic activity. 28, 29 Taken together, these studies suggest that CHIP may play an important role in TNF signaling.
An alternative signaling outcome following TNFR1 stimulation involves the formation of cytoplasmic complex II, characterized by the binding of Fas-associated death domain (FADD) to TRADD and RIPK1, with downstream activation of caspase-8 and a signaling cascade culminating in programmed cell death. Under certain cellular conditions, the extent of which is largely unknown, complex II may also activate necroptosis via a mixed lineage kinase domain-like protein (MLKL)/RIPK3-dependent mechanism.
26 TNF-induced necroptosis results in local inflammation that is central to the pathogenesis of a variety of disease states and is the focus of active research. Our knowledge concerning signaling through TNFR2 is a little more obscure, mostly due to its limited distribution compared to TNFR1. It has been shown that TNFR2 can recruit TRAF2 and activate NF-B, MAPKs, and AKT to promote transcription of genes involved in tissue regeneration, host defense against pathogens, and cell survival. 26 Unlike TNFR1, TNFR2 cannot recruit TRADD to induce apoptosis directly because it lacks a death domain. However, TNFR2 was shown to induce apoptosis indirectly in various cell types such as T cells and myeloid cells, demonstrating its ability as an immunoregulator.
30,31
Opposing roles of TNFRs
The intracellular domains of TNFR1 and TNFR2 are dissimilar and mediate distinct functional outcomes. TNF's central role in host defense is largely mediated through TNFR1. TNFR1 was shown to be importantly involved in lymphatic organogenesis and immune responses to various microbial pathogens, including innate defenses against extracellular bacteria and the formation and maintenance of granulomas. 25 TNFR1 has also been implicated in mediating TNF's deleterious effects in autoimmunity and autoinflammation. For instance, research shows that TNFR1 KO mice also exhibit significantly reduced susceptibility to collageninduced arthritis relative to wild type cohorts, indicating a critical role of TNFR1 signaling in initiation of the disease. 32 Moreover, the absence of TNFR1 on hematopoetic cells markedly attenuated inflammation and bone destruction in a mouse model of erosive arthritis. 33 TNFR1 has also been implicated in models of TNF-induced cardiomyopathy and IBD. 34, 35 Taken together, the evidence reveals that TNFR1 is crucial to the innate and adaptive immune responses and that excessive TNFR1 signaling is a central culprit in inflammatory disease states.
In contrast to signaling through TNFR1, which when excessively stimulated is overwhelmingly deleterious, signaling through TNFR2 is mostly beneficial. TNFR2 has been shown to exert antiinflammatory, anabolic, and protective effects in models of inflammatory arthritis, IBD, central neurodegenerative disease, and inflammatory cardiomyopathy. [34] [35] [36] [37] The anti-inflammatory effects of TNFR2 partly stem from its ability to activate and expand T regulatory cells important in selftolerance and suppression of inflammatory pathways. TNFR2-induced apoptosis of autoreactive T cells may also augment the anti-inflammatory role of this receptor, but the exact mechanism has not been fully elucidated and is likely complex. TNFR2 may also play a role in clearing of viral pathogens. 38 
TNF signaling in AS
The pathological processes leading to structural joint changes seen in AS can be divided into three phases: (1) inflammation, (2) bone erosion, and (3) new bone formation. 39 Effector pathways in each of the three phases may be linked to the proinflammatory cytokine TNF (Fig. 1) .
Inflammation
Early stages of AS are dominated by a strong inflammatory process characterized by back pain, joint swelling, morning stiffness, and fatigue. TNF has previously been reported to be abundant in the sacroiliac joints of patients with AS, and it is believed to be the main cytokine contributing to the early disease. 40 The pathogenic role of TNF at this stage of disease is further supported by the dramatic reduction in disease and symptom severity in AS patients treated with TNF inhibitors. TNFR1 is known to be the primary receptor conveying the proinflammatory effects of TNF, but the stimulus for TNF induction and its target cells are largely unknown. 15 Furthermore, a considerable number of patients do not enter remission when treated with TNF inhibitors, suggesting that additional cytokines may play a pathogenic role. 41 
Bone erosion
In contrast to RA, bone erosion in AS is relatively mild and is not a defining feature of the pathology. The catabolic process seen at this stage of the disease is a direct consequence of local and systemic inflammation and can be largely attributed to TNF's well-documented ability in stimulating osteoclastogenesis. Early hematopoietic progenitors differentiate into mature bone-resorbing osteoclasts under the influence of macrophage-colony stimulating factor and receptor-activator of nuclear factor kappa-B ligand (RANKL). In the presence of RANKL, TNF synergistically enhances osteoclastogenesis to promote the local bone erosion observed in AS. 42 In addition, TNF was shown to induce the expression of extracellular digestive enzymes such as matrix metalloproteinases (MMPs) and aggrecanases (ADAMTSs (a disintegrin and metalloproteinase with thrombospondin motifs)). 43 These enzymes can degrade collagen, aggrecan, and other cartilage and intervertebral disk components and contribute to the destructive process.
TNFR1 is the main receptor that mediates these catabolic effects. Activation of NF-B via complex I was shown to be critically important for osteoclastogenesis and regulation of the expression of MMP1 and MMP3. 44 Additionally, TNFR1 further contributes to the structural damage seen at this stage of the disease via complex II. Complex II mediates tissue destruction by inducing apoptosis and necroptosis, the latter of which results in plasma membrane rupture and leakage of cellular contents into the extracellular space. 45 TNF-induced necroptosis propagates local inflammation that further contributes to the bone, intervertebral disk, and cartilage damage seen in AS.
Inflammatory bone loss may also be attributable to TNF-mediated destabilization of the master osteoblast transcription factor, runt-related gene 2 (RUNX2), and bone morphogenetic signaling proteins, including mothers against decapentaplegic homolog 1 (SMAD1), through upregulation of HECT-domain E3 ligases SMAD ubiquitin regulatory factor (SMURF)1 and SMURF2. 46 TNF increases SMURF1 expression in osteoblast cell lines 47 and SMURF1 expression is elevated in long bones from TNF transgenic mice (TNF-tg), concomitant with reductions in RUNX2 and SMAD1 at the protein level. 48 Accordingly, TNF may limit bone formation in inflammatory pathologies through enhancing SMURF E3 ligase-mediated proteasomal degradation of key modulators of osteoblast differentiation and activity.
New bone formation
The hallmark feature of AS is the formation of new bone, which initially involves the entheses and later progresses to bridge whole joints, leading to ankylosis. The role of TNF in new bone formation is not entirely clear, although evidence indicates that TNF may have a mixed effect on osteoblastogenesis. In the classical sense, TNF is a known inhibitor of osteoblast differentiation. This effect has been attributed to TNF's ability to suppress the expression of insulin-like growth factor-1, osterix (also known as SP7), and RUNX2 and was shown to be mediated through TNFR1. 46, [49] [50] [51] The resulting decrease in osteoblastogenesis, coupled with TNF's ability to induce osteoclastogenesis, promotes a pattern of bone erosion and joint destruction that is characteristic of RA. This pattern of joint pathology is not seen in AS, where the initial inflammatory insult is followed by some degree of new bone formation.
Recent contradictory findings suggest that TNF may paradoxically stimulate osteoblastogenesis and thereby contribute to pathological bone formation seen in AS. Studies using human and rodent mesenchymal stem cells (MSCs) show that TNF contributes to osteogenic differentiation through the activation of NF-B, with downstream induction of bone morphogenic proteins, osterix, RUNX2, osteocalcin, and alkaline phosphatase (AP). [52] [53] [54] [55] The opposing effects of TNF on osteoblastogenesis appear to depend on the concentration, exposure time, and the differentiation state of the responding cells. 43 These findings are in sharp contrast to the classical interpretation of the effects of TNF on osteogenic differentiation and may contribute to anabolic joint changes in AS.
TNF can also affect bone formation through the wingless (WNT)/␤-catenin pathway, a regulatory pathway of bone homeostasis that governs osteoblast differentiation. The interaction between TNF and the WNT/␤-catenin signaling pathway is not well established; however, emerging reports show that a complex interplay may exist. It has previously been shown that TNF upregulates dickkopf-1 (DKK-1), a natural inhibitor of WNT signaling, in patients with RA, effectively suppressing signaling via this pathway. 56 In contrast to RA, WNT signaling may be abnormally enhanced in AS, particularly in its late stages. In line with this hypothesis, lower functional levels of DKK-1 were reported in sera of AS patients who developed syndesmophytes compared to those who did not demonstrate syndesmophyte development on follow up radiographs. 57 Using human MSCs, TNF was shown to increase the levels of WNT5a and promote tissue nonspecific AP-mediated mineralization in an autocrine manner. 58 Furthermore, a recent study analyzing gene transcriptional profiles in patients with AS shows that genes in the WNT signaling pathway were differentially expressed following therapy with the TNF inhibitor adalimumab. 59 Activation of WNT signaling facilitates nuclear translocation of ␤-catenin and activation of target genes driving osteoblast formation and bone remolding. Immunohistochemical analyses of disk tissue obtained from spondyloarthropathy patients reveal elevated nuclear ␤-catenin expression. 60 Moreover, transgenic mice with conditional activation of ␤-catenin in cartilage display a progressive phenotype similar to that of AS, including extensive osteophyte formation, vertebral fusion, as well as defects in growth plate and disk structure. 60 Several reports have demonstrated IL-1␤-and TNF-mediated stimulation of ␤-catenin signaling in various cell types, including those of the intervertebral disk. [61] [62] [63] In turn, TNF and WNT/␤-catenin signaling have been demonstrated to form a positive-feedback loop in nucleus pulposus cells in vitro, as activation of ␤-catenin signaling leads to the upregulation of TNF expression in disk cells. 62 Taken together, these reports suggest that the activation of TNF inflammatory cascade may directly or indirectly induce WNT/␤-catenin signaling and contribute to pathogenic bone formation seen in phase three of AS.
TNF inhibitors in treatment of AS
The major goals of AS treatment strategies are to minimize inflammation, its associated symptoms, and to inhibit new bone formation (the pharmacological treatment options for AS are summarized in Table 2 ). Nonsteroidal anti-inflammatory drugs (NSAIDs), including selective inhibitors of cyclooxygenase 2, are the mainstay of treatment. For patients with symptoms insufficiently responsive to NSAID therapy or for whom NSAIDs cause intolerable side effects, the use of TNF inhibitors is indicated. The TNF inhibitors currently approved for use in AS include infliximab, entanercept, adalimumab, certolizumab, and golimumab. These agents were shown to be equally efficacious in AS; however, some are preferred when extra articular manifestations such as uveitis accompany axial disease.
The use of TNF inhibitors in AS and other TNFmediated diseases has several limitations, the most important being low rates of disease remission and the development of serious adverse effects necessitating the issue of a black box warning for these drugs. The harmful effects of TNF inhibitors include an increased risk of opportunistic infections such as disseminated fungal infections and reactivation of latent tuberculosis. The use of TNF inhibitors is also associated with an increased risk of malignancies, and paradoxically, the development of additional autoimmune disorders. 25 The effect of TNF inhibitors on radiographic progression of AS remains a matter of controversy. Extensions of pivotal randomized clinical trials (RCTs) failed to show an inhibitory effect of adalimumab, infliximab, and entanercept on spinal structural changes over a period of 2 years. [64] [65] [66] However, accumulating evidence from retrospective analyses of well-characterized cohorts shows that TNF inhibitors are associated with a reduction in spinal radiographic progression, an effect attributed to their ability to suppress disease activity. [67] [68] [69] The need for an extended prospective RCT against placebo that could prove causality cannot be overstated; however, such studies would be impossible to conduct due to ethical considerations. The working hypothesis is that current TNF inhibitors may be marginally effective in reducing radiographic progression in AS, especially when initiated early and administered over a long time period.
Selective TNF blockade
The lack of TNFR specificity of current TNF inhibitors may limit their effectiveness and potential as disease-modifying drugs. Nonspecific TNFR inhibition may also mechanistically contribute to some of the adverse effects seen with current TNF inhibitors, especially the development of autoimmune disorders, as TNFR2 has been shown to be involved in T cell function and survival. The next generation of TNF inhibitors should ideally inhibit the effects of TNFR1 while preserving those of TNFR2. This inhibition strategy is conceptually superior to global TNF inhibition because it selectively targets the proinflammatory pathogenic pathway and leaves essential signals for tissue homeostasis and immunocompetence intact. Indeed, a number of drugs have undertaken this approach and a number of selective TNFR1 antagonists, 37, [70] [71] [72] [73] selective TNFR2 agonists, 74 and mixed TNFR1 antagonists and TNFR2 agonists are currently in development (Table 3) .
A novel treatment strategy that may prove effective in the treatment of autoimmune diseases may utilize the homeostatic effects mediated by TNFR2. Previous studies have shown TNFR2 to be importantly involved in immune modulation and defects that disturb TNF-TNFR2 signaling have been identified in autoreactive T cells in models of autoimmune diseases, including AS. 75, 76 Autoreactive T cells appear sensitive to the apoptotic effects of TNF and the administration of exogenous TNF may be effective in suppressing their pathogenic functions. Interestingly, exogenous TNF was shown to reverse autoimmune diabetes mellitus in mice by targeting and killing autoreactive T cells. 77 This approach, however, is only experimental and is not intended for humans due to likely systemic toxicity resulting from widespread TNFR1 stimulation. Selective TNFR2 agonism has emerged as a more viable therapeutic strategy. Notably, several studies have now established the safety and efficacy of this approach, through promoting apoptosis of autoreactive T cells in autoimmune animal models.
Notably, the endogenous growth factor progranulin (PGRN) was identified as a natural ligand of TNFRs in 2011. 36, 78, 79 This ubiquitous molecule has multiple functions, including significant roles in cell proliferation, wound healing, and regulation of immune responses. [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] Interestingly, PGRN functions as a physiological antagonist of TNFR1 and a potent agonist of TNFR2 (with approximately 600-fold higher binding affinity to TNFR2 than TNF). PGRN and Atsttrin, an engineered peptide consisting of the domains and adjacent linker regions of PGRN responsible for interacting with TNFRs, appear to have strong anti-inflammatory properties and were shown to mediate protective and anabolic effects in mouse models of osteoarthritis and inflammatory arthritis. 36, 91 Moreover, PGRN was shown to have protective and therapeutic effects in additional inflammatory disease models, including IBD, psoriasis, diabetes mellitus, systemic lupus erythematosus, and others. 92 A very recent publication has also demonstrated the ability of Atsttrin to inhibit TNF-mediated catabolism in a murine ex vivo model of intervertebral disk degeneration, supporting the protective effect of Atsttrin in TNF-driven inflammatory conditions impacting the axial skeleton. 93 These observations suggest that PGRN might ameliorate inflammatory disease states by simultaneously blocking the proinflammatory effects of TNFR1 and activating protective signaling mediated by TNFR2. This unique pharmacodynamic property has made PGRN a promising drug for TNF-mediated diseases. More excitingly, the development of Atsttrin, as a nononcogenic PGRN-derived small engineered molecule, offers an exciting early candidate for evaluation of the therapeutic potential of selective TNFR modulation in the treatment of inflammatory pathologies, including AS.
Selective targeting of TNFRs may prove to be the optimal therapeutic strategy for AS. Early inflammatory and catabolic stages of AS have clearly benefited from inhibition of the proinflammatory effects mediated by TNFR1. It is unclear, however, whether boosting TNFR2 signal would confer a benefit to patients with AS. On one hand, TNFR2-mediated suppression of autoreactive T cells and expansion of T reg cells may prove effective in controlling autoimmunity and the inflammatory process in AS. On the other hand, downstream effects of TNFR2 may worsen the late anabolic process of the disease. This potentially harmful effect of TNFR2 was indicated in transgenic mice overexpressing transmembrane TNF, a primary ligand of TNFR2, which developed axial and peripheral joint inflammation and new bone formation typical of spondyloarthritis. 94, 95 Interestingly, these mice did not develop systemic inflammation, additional evidence that TNFR1, and not TNFR2, is the principal disease mediator of AS. This model strongly argues for a deleterious role of TNFR2 in the late stages of AS; however, human data describing this phenomenon are lacking. Additional efforts are necessary in order to elucidate the molecular mechanism of transmembrane TNF and TNFR2 in the pathogenesis of AS.
Conclusion
Therapies targeting TNF have proven to be a huge success and a scientific breakthrough in the treatment of TNF-mediated diseases such as AS. However, our knowledge regarding the role of TNF throughout the course of AS is incomplete. Evidence strongly implicates TNF and its dominant proinflammatory receptor TNFR1 to be the central mediators of early inflammation and catabolic joint changes. Notably, however, the specific role of TNF in new bone formation is not clear. Future studies are needed in order to elucidate the molecular pathways leading to the structural joint changes in AS. Additionally, our efforts should focus on the specific roles of TNFR2 in inflammatory disease states and new treatment strategies targeting TNF should facilitate the beneficial signaling mediated by this receptor.
